Abstract-Contractile effects of ouabain and K+-free solution on rat aortic strips were investigated. In the aorta without endothelium, application of ouabain or K+-free solution produced, after a latency period, a slow contraction reaching the maximum after 80-100 min. Pretreatment of the muscle with either indomethacin (20 tzM) or verapamil (1 ,r M) decreased the maximum level of these contractions, whereas verapamil, but not indomethacin, prolonged the latency period. Simul taneous application of these inhibitors showed additive inhibitory effects. In the presence of endothelium, the latency period slightly increased without changing the maximum contractile tension. Methylene blue (5 ,uM) shortened the latency period only in the aorta with endothelium. These results suggest that the contractions of rat aorta induced by ouabain and K+-free solution are due not only to membrane depolarization and Na+-Ca2+ exchange but also to the release of prostaglandins. Endothelium-derived relaxing factor seems to inhibit a part of these contractions.
Ouabain and K+-free solution have been shown to inhibit Na+,K+-ATPase activity and decrease the concentration gradient of Na+ and K+ across the smooth muscle cell mem brane (1) (2) (3) (4) (5) , resulting in membrane depolari zation. Ouabain and K+-free solution induce contractions in various types of smooth muscles such as intestine (3) (4) (5) (6) (7) , vas deferens (8) and blood vessels (9-13). Karaki et al. (9, 10) reported that in rabbit arteries, the contractions induced by ouabain and K+-free solution are mainly due to release of catechol amines. On the other hand, Ozaki and Urakawa (12, 13) reported that in guinea pig aorta, Ca 2+ entry through Na+-Ca2+ exchange is involved in these contractions.
In the present experiments, we examined the effects of ouabain and K+-free solution on rat aorta, which contains a very small amount of catecholamines possibly because this tissue does not have dense adrenergic innervation (14) . Results indicate that the contractions of rat aorta induced by ouabain and K+-free solution are inhibited by indomethacin and also by verapamil, suggesting that these con tractions are not only due to membrane depolarization and Na+-Ca2+ exchange but also to release of prostaglandins.
Materials and Methods
Tissue preparation: Adult male rats, weighing about 250 g, were stunned and bled. Thoracic aorta was dissected out and cleaned of excess fat and connective tissues. Helical strips (2-3 mm wide and 5-6 mm long) were cut from the aorta.
Solutions:
The composition of physio logical salt solution (PSS) was as follows: 136.9 mM NaCI, 5.4 mM KCI, 1.5 mM CaCl2, 1.0 MM MgCl2, 23.8 mM NaHC03 and 5.5 mM glucose. High K+ solution was made by replacement of 60 mM NaCI with equimolar KCI. K+-free solution was made by the omission of KCI. These solutions were saturated with a mixture of 95% 02 and 5% C02 at pH 7.4 and 37°C.
Recording of muscle tension: Each strip was attached to a glass holder under a resting tension of 1 g and equilibrated for 60 min in a 20 ml bath. The contractile response was recorded isometrically with a force displacement transducer connected to a Nihon Kohden polygraph. In rat aorta with functionally intact endothelium, 1 /1M carbachol almost completely relaxed the muscle stimulated with 100 nM norepine phrine (15, 16). In some experiments, the endothelium was removed by gently rubbing the intimal surface with a finger moistened with PSS (15-17).
Muscle contraction induced by high K+ solution was used as reference response because this contraction is not affected by the presence of endothelium (15, 16). Indomethacin, verapamil and me thylene blue were added 15 min before the addition of ouabain or K+-free solution. Three parameters were used to characterize the contraction: 1) maximum contractile tension (peak tension), 2) period of time from the addition of ouabain or K+-free solution to reach the peak tension (time to peak tension), and 3) period of time from the addition of ouabain or K+-free solution to reach 10% of the peak tension (latency period).
Drugs: The drugs used were ouabain (Merck), verapamil hydrochloride (Sigma), I-norepinephrine bitartrate (Wako), carbamyl choline chloride (carbachol, Tokyo Kasei), indomethacin (Sigma) and methylene blue trihydrate (Wako). Verapamil and indomethacin were added 1 5 min before the application of ouabain or K+-free solution.
Each curve represents the mean of 4 to 8 experiments and S.E. is shown by the vertical bar. * and **: Significantly different from the value in the absence of inhibitor at the level of P<0.05 and 0.01, respectively.
All of the points in the presence of both indomethacin and verapamil are significantly different from the value in the absence of these inhibitors at the level of P<0.01. ENDO(-): without endothelium.
Results Figure 1 (A and B) and Table 1 show the contractile responses of the aorta without endothelium to 1 mM ouabain and K+-free solution. On the addition of ouabain and K+-free solution, muscle tension gradually increased after a latency period. As shown in Table 1 , the latency period of the ouabain induced contraction was shorter than that due to K+-depletion, while the peak tension levels and the time to peak tension were almost identical. The contractile response began to decrease after a 90-100 min exposure to ouabain or K+-free solution. It was also noted that the shape of these contractions, especially the latency period, showed some variations (compare Figs. 1 and 2 , and Tables 1 and 2 ). In the following experiments, therefore, comparison was made using paired muscles obtained from the same rat.
The effects of an inhibitor of voltage dependent Ca2+ channel, 1 ,eM verapamil, additive inhibitory effect on the peak tension of the ouabain-induced contraction, although a small contraction was still induced by ouabain in the presence of these two in hibitors. The same concentration of verapamil completely inhibited the high K+-induced contraction, whereas 20 ,uM indomethacin had no effect on it (data not shown). Methylene blue was added 15 min before the application of ouabain or K+-free solution.
Each curve represents the mean of 4 experiments. *: Significantly different from the value in the absence of methylene blue at the level of P<0.05.
ENDO(+) and ENDO(-): with and without endothelium, respectively.
As shown in Fig. 1 B and As shown in Fig. 2 and Table 2 , ouabain induced a contraction also in the aorta with endothelium.
Comparing the contractions in the presence ( Fig. 2A) and absence (Fig. 2B) of endothelium, the latency period of the contraction was longer in the presence of endothelium although the peak tension levels were almost the same (Table 2 ). In the presence of 5 ,uM methylene blue, the latency period in the aorta with endothelium became shorter.
However, methylene blue was ineffective in the aorta without endothelium. Contractions induced by K+-free solution in the presence and absence of endothelium are shown in Fig. 3 . Comparing these con tractions, the latency period was longer in the presence of endothelium than in the absence, whereas the peak tension level did not change (Table 2) . Methylene blue shortened the latency period only in the presence of endo thelium, as is the case with ouabain-induced contraction.
Discussion
In rat aorta, ouabain and K+-free solution induced, after a latency period, a slow in crease of muscle tension culminating 80-100 min after the addition of ouabain or K+-free solution. The maximum contractile tension induced by ouabain and K+-free solution was more than 80% of the contraction induced by high K+ solution. In the presence of indo methacin, an inhibitor of cyclooxygenase, the maximum level of the contraction induced by ouabain or K+-free solution was decreased without changing the latency period. The same concentration of indomethacin did not inhibit the high K+-induced contraction. These results suggest that ouabain and K+ free solution release prostaglandins to induce contraction in isolated rat aorta. K+-depletion has been shown to stimulate prostacyclin synthesis in rat aortic strips (18) . Ouabain and K+-depletion also stimulate the release of prostaglandin E in guinea pig taenia caeci (19) . We did not identify the vasoconstrictor prostaglandins released by ouabain or K+ free solution in this experiment.
However, prostaglandin E2, which has been shown to contract various vascular smooth muscle including rat aorta (20) , may be one of the candidates.
It is possible that either inhibition of Na+,K+-ATPase or accumulation of Na+ in the cell is responsible for the ouabain and K+ depletion-induced release of prosta glandin(s).
Nagase and Karaki (21) have reported in rat aorta that the marine toxin palytoxin releases prostaglandins.
This toxin does not inhibit Na+,K+-ATPase activity but directly increases membrane permeability to Na+ (22) . Further, it has been shown that a decrease of extracellular Na+ inhibits and a Na+ ionophore, monensin, potentiates the contractions induced by ouabain and K+ depletion in rat aorta (23) . These results indicate that the decrease in the trans membrane gradient of Na+ may be responsible for the release of prostaglandins.
Verapamil prolonged the latency period and decreased the peak tension of the con traction induced by ouabain and K+-free solution. In contrast to this, indomethacin decreased the peak tension without changing the latency period. A combination of verapamil and indomethacin further depressed the peak tension. These results indicate that these contractions are composed of different com ponents. Inhibition of Na+,K+-ATPase activity results in the membrane depolarization (24) because this enzyme plays a role as an electrogenic Na+ pump (2) . Since verapamil is a potent inhibitor of the voltage-dependent Ca2+ channel, the verapamil-sensitive portion of the contraction (with short latency period) induced by ouabain and K+-free solution may be attributable to membrane depolarization. In contrast to this, the indomethacin-sensitive contraction with longer latency period may be due to the release of prostaglandins. Further, since the contraction induced by Na+-Ca2+ exchange is not inhibited by verapamil (13) , the small contraction remain ing in the presence of both verapamil and indomethacin may be attributable to Ca 21 entry mediated by this mechanism.
These results indicate the striking quali tative similarity between the contractions induced by ouabain and K+-free solution. If we assume that the mechanism of action of ouabain and K+-free solution is to inhibit the Na+,K+-ATPase, the effects of ouabain and K+-free solution should be identical. However, quantitative comparison of the results shows some difference: the latency period was shorter in the ouabain-induced contraction than those in the contraction induced by K+ free solution. The different effects of ouabain and K+-free solution may be due to different time courses of action; ouabain might inhibit the enzyme faster than K+-free solution does. Further, ouabain might have an additional effect that K+-depletion does not have; since ouabain, but not K+-free solution, potentiates the norepinephrine-induced contraction in rabbit aorta (10) , ouabain may potentiate its own contractile effect and thus induces a contraction with a shorter latency period.
In the aorta with endothelium, ouabain and K+-free solution induced contractions which had similar maximum tension as that in the absence of endothelium. However, the latency period was slightly but significantly longer in the aorta without endothelium. Furchgott and Zawadzki (17) have shown that a relaxing substance (s) is released from the vascular endothelium which is termed as endothelium-derived relaxing factor (EDRF). Methylene blue, an inhibitor of the relaxation due to EDRF (25) , shortened the latency period in the presence of endothelium, suggesting that EDRF inhibits the initial portion of these contractions.
Rubanyi and Vanhoutte (26) reported that ouabain inhibits the release of EDRF in coronary artery. From these results, it is assumed that the ouabain induced contraction is inhibited by spon taneously released EDRF and then ouabain inhibits the release of EDRF. Effect of endo thelium on the contraction induced by K+-free solution may be attributable to a similar mechanism.
In conclusion, the present results suggest that the contractions of rat aorta induced by ouabain and K+-free solution are not only due to membrane depolarization and Na+-Ca2+ exchange but also due to the release of prostaglandins.
Endothelium-derived relaxing factor seems to inhibit a part of these con tractions.
